We report the Transiting Exoplanet Survey Satellite (TESS) detection of a multi-planet system orbiting the V = 10.9 K0 dwarf TOI 125. We find evidence for up to five planets, with varying confidence. Three high signal-to-noise transit signals correspond to sub-Neptune-sized planets (2.76, 2.79, and 2.94 R ⊕ ), and we statistically validate the planetary nature of the two inner planets (P b = 4.65 days, P c = 9.15 days). With only two transits observed, we report the outer object (P .03 = 19.98 days) as a high signal-to-noise ratio planet candidate. We also detect a candidate transiting super-Earth (1.4 R ⊕ ) with an orbital period of only 12.7 hours and a candidate Neptune-sized planet (4.2 R ⊕ ) with a period of 13.28 days, both at low signal-to-noise. This system is amenable to mass determination via radial velocities and transit timing variations, and provides an opportunity to study planets of similar size while controlling for age and environment. The ratio of orbital periods between TOI 125 b and c (P c /P b = 1.97) is slightly smaller than an exact 2:1 commensurability and is atypical of multiple planet systems from Kepler, which show a preference for period ratios just wide of first-order period ratios. A dynamical analysis refines the allowed parameter space through stability arguments and suggests that, despite the nearly commensurate periods, the system is unlikely to be in resonance.
INTRODUCTION
NASA's Transiting Exoplanet Survey Satellite (TESS) (Ricker et al. 2015 ) is a (nearly) all-sky survey, the primary objective of which is to discover and characterize transiting planets smaller than Neptune orbiting the nearest and brightest stars in the sky. While the space-based transit survey carried out by Kepler led to breakthroughs in our understanding of the occurrence rates of planetary et al. 2018a, and the overview presented therein). TESS should also detect objects that are intrinsically rare, such as events occurring on astronomically short timescales, or the unlikely outcomes of dynamical interactions. Further study of these benchmark objects may lead to breakthroughs in our understanding of the fundamental processes that govern the formation and evolution of planetary systems.
Data from just the first TESS observing sector (27.4 days, or two spacecraft orbits) have already begun to fulfill this promise. A 2.1-R ⊕ planet transiting the 5th magnitude star π Mensae already has a mass measurement (4.8 M ⊕ ) because the star was previously known to host a long-period giant planet and there exist extensive archival RV measurements (Huang et al. 2018b; Gandolfi et al. 2018 ). The star is one of the very brightest known to host a transiting planet, which will enable further detailed characterization. A second system (LHS 3844; Vanderspek et al. 2018 ) is an Ultra-Short Period (USP) Earth-sized planet (R p = 1.32 R ⊕ ) in an 11-hour orbit around a late M dwarf 15 pc away. It is one of the nearest planetary systems, and in many respects the USP planet that is most amenable to follow-up studies. The remaining 25 observing sectors in the two-year prime TESS mission will survey additional bright stars, some for longer periods of time, and will lead to the discovery of many more benchmark planetary systems.
Among the myriad discoveries from the Kepler mission, the detection of systems of multiple transiting planets and the subsequent study of their ensemble properties remain among the most impactful results (e.g., Steffen et al. 2010; Lissauer et al. 2011a; Latham et al. 2011) . Multi-planet transiting systems allow investigations of formation and evolution processes through measurements of mutual inclinations, adjacent planet sizes, planet spacings, stellar obliquities, mass measurements via transit timing variations, and more. Given the prevalence of multi-transiting systems, TESS will build upon the Kepler legacy by discovering the nearest and brightest such systems, as well as the rare examples.
In this paper, we present the discovery and validation of a system of multiple transiting planets orbiting the star TIC 52368076, which has been assigned TESS Object of Interest (TOI) number TOI 125. The proposed architecture of the system is illustrated in Figure 1 . We identify three candidates with high signal-to-noise (SNR) transits (filled circles), as well as two low-SNR candidates (open circles), one of which is an ultra-short-period terrestrial candidate.
We describe the analysis of data from TESS, ground-based follow-up, and archival imaging in Section 2, fit a global model to all available data in Section 3, present a statistical validation of the planets in Section 4, investigate the dynamics in Section 5, and discuss the properties of the system and prospects for future characterization in Section 6. (TOI 125.04 and .05) are shown as open circles, while the high-SNR candidate and validated planets are filled circles. We note that the derived size of .05 is very uncertain because its transit is grazing. Moreover, planets like TOI 125.05 are a priori likely to be small; if real, its true size is probably smaller than shown.
DATA & ANALYSIS

TESS Photometry
TIC 52368076 was observed by TESS in the first two sectors of the prime mission (2018 Jul 25 through 2018 Sep 21), on CCD 1 of Camera 3 in Sector 1 and CCD 2 of Camera 3 in Sector 2. The CCDs obtain images at a two-second cadence, which are summed on board the spacecraft to produce images with the appropriate effective exposure time. All stars within the TESS field of view are observed with an effective exposure time of 30 minutes, but a subset of stars (including TIC 52368076) were pre-selected, primarily on the basis of planet detectability (Stassun et al. 2018) , for data to also be returned to Earth at a two-minute cadence.
The two-minute data were reduced with the Science Processing Operations Center (SPOC) pipeline (Jenkins et al. 2015 (Jenkins et al. , 2016 , adapted from the pipeline for the Kepler mission at the NASA Ames Research Center (Jenkins et al. 2010) . Two transit signals were strongly detected with periods of 4.65 and 9.15 days and signal-to-noise ratios (SNR) of 20.1 and 16.4 respectively. These candidates were assigned identifiers TOI 125.01 and TOI 125.02 by the TESS team. An additional signal, TOI 125.03, was detected with only two transit-like events at a period of 19.98 days and SNR of 9.8. In the analyses that follow, we use the Pre-search Data Con- .03 Figure 2 . (Top) The full TESS light curve of TOI 125 from Sectors 1 and 2. The lightcurve has been flattened using the technique from Vanderburg et al. (2016) . We show the individual two-minute cadence measurements (open gray circles) and the same data in six-hour bins (brown circles). In-transit cadences corresponding to the inner, middle, and outer planets are plotted with blue, orange, and yellow colored circles, respectively. (Bottom) The phase-folded transits of each planet, with individual observations (open gray circles) and binned data (filled colored circles, chosen to have eight bins per transit duration). The best fit EXOFASTv2 models are plotted in brown. Vertical dotted lines indicate the full transit durations. ditioning (PDC) light curve from SPOC (see Stumpe et al. 2012) . Figure 2 shows the PDC light curve after flattening (we note that the raw PDC light curve looks nearly identical, as the star is photometrically very quiet). Interruptions in data acquisition occur at the perigee of each TESS orbit (once every 13.7 days) and last approximately 1 day, during which time the spacecraft reorients to downlink data. The second orbit of Sector 1 included a two-day period during which the data were of lesser quality due to a one-time occurrence of abnormally unstable spacecraft pointing. The worst of these data were flagged by SPOC and removed, which can be seen as an under-density of points in Figure 2 just before BTJD 1350. Fortuitously, none of the transits of these three candidates occurred at this time. During Sectors 1 and 2, the spacecraft thrusters were fired periodically (approximately every 2.5 days) to reduce the speed of the reaction wheels, allowing them to operate at frequencies that introduced less pointing jitter. In 10-to 15-minute intervals around these "momentum dumps", we removed data from our analysis.
Additional Planet Candidates
Following the convention from Kepler, we adopt a formal significance threshold of 7.1σ, and the three candidate planets described above are the only formally significant periodic signals in the data. However, we do detect lower SNR transitlike signals at two other periods. The first, TOI 125.04, has a period of 0.52854 days and a depth of 180 ppm (5.2-σ), which corresponds to a planet radius of 1.36 R ⊕ (see Figure 3) . The second, TOI 125.05, was detected at a period of 13.2780 days and a depth of 675 ppm (5.1-σ). If this were a central transit, it would correspond to a planet radius of ∼2.2 R ⊕ , but it is best modeled as a grazing transit (see Figure 4 ), so when unconstrained by other data even giant planets are allowed. However, our CORALIE spectroscopy (Section 2.6) rules out the largest companions, and we ultimately derive a radius of ∼4.2 R ⊕ , still with large error bars. Given the low SNR of these candidates and the nonGaussian noise of the first TESS Sectors, we do not consider the signals strong enough to be validated as planets, partic- Figure 3. The phase-folded transit of the candidate ultra short period super Earth, TOI 125.04. We plot the binned photometry (filled red circles), as the individual two-minute data extend far beyond the y-axis range. The best fit EXOFASTv2 model is plotted in brown. Vertical dotted lines indicate the full transit duration.
ularly TOI 125.05, which only shows four transits of varying quality. Nevertheless, the presence of three other strong planet candidates makes these signals more intriguing, and we note them here so that they can be taken into account during follow-up observations and subsequent analysis of the first three candidates.
Ground-based Photometry
Given the 21 TESS pixels and a PSF a few pixels wide, the light from an individual star on the detector can extend well beyond 1 . In order to capture most of the light from the target star, the TESS photometric apertures must also be large. Therefore, even apparently isolated stars may be contaminated by relatively distant neighbors, with the exact contamination fraction depending upon the aperture choice and the magnitudes of the stars (see, for example, the size of the PSF in the TESS image of TOI 125 shown in Figure 5 ). If a neighboring star is an eclipsing binary (EB), deep eclipses can be diluted to resemble shallow planetary transits. While previous experience with Kepler candidate multi-planet systems shows the vast majority to be real planets (e.g., Lissauer et al. 2012) , the larger TESS pixels and aperture create more opportunity for unassociated EBs to contaminate real planetary systems (producing candidate multi-planet systems containing both real planets and false positives). Centroid analysis of the TESS difference images (comparing the in-transit to out-of-transit flux) is often effective at identifying nearby EBs, but transit signals with a small number of events or contaminants within about a pixel might not be robustly detected. We therefore observed TOI 125 with ground-based facilities at predicted times of transit to search for deep eclipses in nearby stars. We enumerate these observations in Table 1 . In order to produce the 1 mmag events of TOI 125 b, c, or .03 with even a 50% eclipse, a nearby star must be no more than 6.9 magnitudes fainter (and fully blended in the TESS aperture). Among Gaia DR2 sources, only one nearby star is bright enough, but at a distance of 75 (to the SSW), it is not fully blended within the TESS aperture (see Figure 5 ). Nonetheless, we search this and other nearby stars for evidence of deep eclipses and we find no indication of contamination from nearby EBs in our timeseries observations. c TRAPPIST (Jehin et al. 2011) ; SPECULOOS (Delrez et al. 2018) NOTE-Each ground-based follow-up light curve is listed here, along with the predicted time of transit. Because the transits are so shallow (< 1 part per thousand for all three candidates), the ground-based data do not confidently detect the transits, and we do not include them in the global fit (Section 3). No nearby EBs were detected.
Archival Imaging
Ground-based photometric follow-up can rule out the presence of EBs at modest separations, but a physically unassociated background star within a few arcseconds of the location of TOI 125 could plausibly produce a transit-like signal that would not be resolved as a separate source in the few-arcsecond PSFs of follow-up images. To address this possibility, we examine archival images, in which the proper motion of TOI 125 has carried it away from its current location. Figure 5 shows the TESS image from Sector 1 along with images from the ESO/SERC Southern Sky Atlas (SERC-J; taken in 1975) and the Anglo-Australian Observatory Second Epoch Survey (AAO-SES; 1993). The most constraining of these is the SERC-J image, enlarged in the left panel. The proper motion of µ α = −120 mas yr −1 and µ δ = −123 mas yr −1 leads to motion of 1. 7 per decade; in the 43 years since the SERC-J image was obtained, TOI 125 has moved 7. 4. A background source at the current location of TOI 125 should be seen as elongation of the PSF or a nearly resolved source. There is no indication of such features in either the blue-sensitive SERC-J or the red-sensitive AAO-SES images, so we conclude that there is no background source coincident with the present-day location of TOI 125.
High Angular Resolution Imaging
Ground-based photometry rules out EBs at modest separations and archival imaging rules out background sources, but there may still be a bound stellar companion at small angular separation. An unresolved companion may itself be an EB responsible for one of the transit-like signals, but even if it is not, the dilution must be taken into account in the light curve fit in order to derive accurate radii (e.g., Buchhave et al. 2011) , and the presence (or absence) of a binary companion can help us understand the formation of compact planetary systems (e.g., Kraus et al. 2016) . Fortunately, bound companions to TESS planet hosts will be more easily revealed by high-resolution imaging than the typical Kepler system because they are, on average, more nearby (e.g., Ciardi et al. 2015; Matson et al. 2018) .
We searched for close companions to TOI 125 in I-band using the HRCam speckle imager on the 4.1-m Southern Astrophysical Research (SOAR) telescope (Tokovinin 2018; Ziegler et al. 2018b ) on 2018 September 25 UT, in narrowband Brγ using the NaCo adaptive optics imager (Rousset et al. 1998; Lenzen et al. 1998 ) on the 8-m UT1 of the VLT on 2018 October 23, and simultaneously in R-and I-band using the DSSI speckle imager (Horch et al. 2009 (Horch et al. , 2012 Figure 6 . We show the 5-σ contrast curves for the high resolution imaging observations of TOI 125: SOAR HRCam speckle imaging in I-band (solid orange line); Gemini DSSI speckle imaging in Rband (blue dot-dashed line) and I-band (red dotted line); and VLT NaCO AO imaging in Brγ (purple dashed line, with azimuthal scatter shown as a light purple shaded region). We exclude companions fainter by up to about 5 magnitudes in all bands outside a few tenths of an arcsecond. Gaia DR2 excludes the presence of wider companions bright enough to produce the ∼1 mmag signals of the high-SNR candidates. the 8-m Gemini South Telescope on 2018 October 31 UT. We detected no companions in any of these images down to contrast ratios of more than 5 magnitudes outside of 0. 2 of TOI 125. Outside of 1. 5, Gaia DR2 can exclude the presence of stellar sources bright enough to cause the ∼1 mmag transit signals when blended with TOI 125 (Ziegler et al. 2018a ). The 5-σ contrast curves are shown in Figure 6 .
Reconnaissance Spectroscopy
We obtained three spectra with the CORALIE spectrograph (Queloz et al. 2000; Pepe et al. 2017 ) on the Swiss Euler 1.2-m telescope of the ESO-La Silla Observatory (Chile) between UT 2018 Sept 07 and 2018 Oct 02. We used simultaneous Fabry-Pérot calibration for intrinsic drift measurement. The SNR per pixel of the individual spectra was ∼20. Data were reduced using an adapted version of the HARPS pipeline: the average stellar line profiles, or cross-correlation functions (CCFs), were computed by cross-correlating the CORALIE spectra with a weighted binary G2 mask from which various tellurics and ISM lines were removed (Pepe et al. 2002) . We see no evidence for multiple peaks in the CCF, suggesting that TOI 125 does not have a bright, unresolved stellar companion. The RVs, reported in Table 2 , show no significant velocity variation. We derive spectroscopic parameters using SpecMatch (Petigura et al. 2015; Yee et al. 2017) , and find T eff = 5187 ± 110 K, log g = 4.52 ± 0.12, [Fe/H] = 0.06 ± 0.09, and v sin i < 2 km s −1 . We use these values as starting guesses for our global model, and apply the derived [Fe/H] as a prior (see Section 3). a The uncertainties of the photometry have a systematic error floor applied.
Even still, the global fit requires a significant scaling of the uncertainties quoted here to be consistent with our model, suggesting they are still significantly underestimated for one or more of the broad band magnitudes. To gain a full understanding of the system parameters, we globally fit the available photometric and spectroscopic data using the publicly available exoplanet modeling suite, EXOFASTv2 (Eastman et al. 2013; Eastman 2017) . Specifically, we fit the TESS light curves from observing Sectors 1 and 2 for planets b, c, and candidates .03, .04, and .05 (See Figures 2, 3 , and 4), while constraining the host star parameters using the spectral energy distribution (SED) and the MESA Isochrones and Stellar Tracks (MIST) stellar isochrones (Dotter 2016; Choi et al. 2016; Paxton et al. 2011 Paxton et al. , 2013 Paxton et al. , 2015 . The broadband photometry is given in Table 3 and shown along with the final model in Figure 7 . We enforce Gaussian priors T eff = 5187 ± 110 K and [Fe/H] = 0.06±0.09 dex from the analysis of the CORALIE spectra. We also place a conservative Gaussian prior on the parallax from Gaia DR2 of 8.976 ± 0.1 mas, since all possible uncertainties should total to less than 0.1 mas (Gaia Collaboration et al. 2016 , 2018 . Lastly, we enforce an upper limit on the extinction of A V = 0.0521 from the Schlegel Galactic dust reddening and extinction maps (Schlegel et al. 1998) . All other parameters were allowed to vary without prior constraints. We allowed an error scaling term for the SED photometry (reported in Table 4 ) and a variance term for each sector of the TESS photometry (Table 5) . Limb darkening parameters are interpolated using the current log g, T eff , and [Fe/H] at each step and the limb-darkening tables of Claret (2017) . We adopt the strict convergence criteria recommended by Ford (2006) in order to assure the global minimum has been identified and covariances are well characterized: the Gelman-Rubin statistic for all parameters must be less than 1.01, and the number of independent draws (chain length divided by correlation length) must exceed 1000. We ran a fit that allowed transit timing variations (TTVs) but find no significant TTVs and no changes to the derived parameters, so for simplicity we adopt the solution that assumes periodic ephemerides. We also ran fits including only the two, three, or four strongest signals, and we find stellar and planetary results fully consistent with the five planet solution. Because inclusion of the two more marginal candidates does not affect our conclusions about TOI 125 b, c, and .03, we present herein the 5-planet fit. The final system parameters determined by the EXOFASTv2 fit, including predicted masses using the relations of (Chen & Kipping 2017) , are shown in Tables 4 and 5 . We again refer the reader to the top view of the system architecture in Figure 1 Rejecting systems that are inconsistent with the observations, vespa then calculates the false positive probability (FPP) for each candidate. The FPP depends not only on the transit shape, but also the position of the star on the sky (to assess the likelihood of background blends), the stellar parameters (which inform not only transit and eclipse shapes but also the likelihood of stellar companions), the extent to which nearby EBs can be excluded by high resolution imaging, and the presence or absence of features in the light curve that might indicate the presence of a binary (such as depth differences in alternating transits or the presence of a secondary eclipse). We therefore provide to vespa the sky coordinates, stel- a The values reported for TOI 125.05 are those from EXOFASTv2 without any radial velocity constraint. We note that when we exclude those solutions inconsistent with the CORALIE RVs, the most probable size is R P ∼4.2 R ⊕ (see Fig. 4 ). Moreover, planets like TOI 125.05 are a priori likely to be small; if real, its true size is probably even smaller.
NOTE-
NOTE-We reiterate that TOI 125 b, c, and .03 are high-SNR events; the USP TOI 125.04 is intriguing even though it does not meet our formal significance threshold; and we consider TOI 125.05 a marginal planet candidate but present it for completeness. lar parameters, literature photometry, high resolution imaging contrast curves, and the flattened TESS light curve. Our RVs rule out an EB (as opposed to a blended background or hierarchical EB). After running vespa, we adjusted the FPP by excluding the scenario in which a direct EB companion to TOI 125 causes one of the transit signals. The resulting FPPs are 6 × 10 −5 and 9 × 10 −5 for TOI 125.01 and .02, respectively. Note that we did not remove the contribution from background EBs even though our inspection of the archival imaging suggests there are no background stars at the current location of TOI 125; the FPPs would be even lower with this adjustment. We therefore conclude that these are statistically validated planets, and now refer to them as TOI 125 b and c. We do not attempt to validate TOI 125.03 despite its high SNR, because we observed only two transits. Similarly, we do not attempt to validate TOI 125.04 and .05 because vespa does not assess the likelihood that a signal is an instrumental false alarm, and we cannot fully exclude this possibility given the low SNR of these events.
DYNAMICS
This section considers dynamical aspects of the TOI 125 system, considering the three planets with the highest S/N detections. We first note that TOI 125 b has non-zero eccentricity, but a relatively short time scale for the damping of its eccentricity. As a result, the system is dynamically interesting, suggesting some type of planet-planet interactions. These types of interactions could lead to TTVs (Section 5.1), although they are not observed in the present data set. We also need to consider possible instability of the system (Section 5.2), which puts additional constraints on the allowed current-day values of the orbital eccentricities. Finally, we consider the question of mean motion resonances, and find that the system is highly unlikely to currently be in a true resonant configuration (Section 5.3).
Transit Timing Variations (TTVs)
The proximity of TOI 125 b and c to a 2:1 MMR means that their mutual gravitational perturbations add in a nearlycoherent manner that can lead to significant and potentiallymeasurable TTVs (e.g., Agol et al. 2005; Holman & Murray 2005) . An attempt to model the planets' timing variations in the first two sectors of TESS did not yield significant dynamical constraints, as the uncertainty on the transit times from TESS are larger than the expected TTVs. Here we briefly consider the prospects for extracting dynamical information by combining the first two sectors of TESS observations with future follow-up observations.
To assess the possibility for extracting dynamical information from TOI 125 b and c's TTVs, we need to know how the expected TTV signal amplitude compares to the precision of any future transit time measurements. We employ the analytic TTV model detailed in Hadden et al. (2018) in order to predict the planets' TTV signals and the accompanying dynamical constraints derived from them. Figure  8 shows the TTV signals predicted for b and c, assuming no free eccentricity for either planet 1 and fiducial masses of 3 × 10 −5 M * for both planets. The resulting TTVs are approximately sinusoidal with amplitudes of ∼3 minutes. The planets' TTV signals will, to excellent approximation, simply scale linearly with the planet masses. To estimate the timing precision one could achieve using Spitzer, we scale SNR from existing transit observations and employ the analytic formulae of Carter et al. (2008) and Price & Rogers (2014) , which lead to a per-transit uncertainty of 1 min. The bottom panel of Figure 8 shows the estimated precision with which planet c's mass could be measured using planet b's TTV by obtaining a series of follow-up observations centered on the peaks of the approximately sinusoidal TTV and assuming transit mid-times are measured with 1σ uncertainties of 1 minute. Precisions approaching ∼ 1M ⊕ are achiev-1 Due to its short orbital period, the eccentricity damping timescale of planet b is short. Adopting the best-fit stellar mass, planet radius, and orbital period from Table 5 
where Q is the planet's tidal quality factor and k 2 its tidal Love number (Goldreich & Soter 1966) . The parenthetical terms on the right hand side are of order unity. With the same assumptions about Q/k 2 for planet c, its nominal eccentricity damping timescale is 1.9 Gyr. Dynamical coupling between b and c should enhance the efficiency with which planet c's eccentricity is damped. able with a series of transit observations consisting of ∼ 3 − 5 transit timing measurements made at 2 or 3 successive peaks of the TTV signal. Note, though, that these mass measurement precisions are based on a TTV model that assumes zero free eccentricity for TOI 125 b and c; relaxing this assumption would significantly increase the mass uncertainty due to the mass-eccentricity degeneracy inherent to TTVs of planets near MMRs (e.g., Lithwick et al. 2012 ). On the other hand, the combination of TTVs and RVs would provide the strongest possible mass and eccentricity constraints, and in Section 6.1 we argue that the planets should be amenable to RV follow-up.
Dynamical Stability
In the absence of external perturbations, a planet with an eccentric orbit residing close to its host star would generally become tidally circularized on astronomically short timescales (the exact timescale depending on the tidal quality factor of the planet and properties of its host star; see, e.g., Equation 1). Therefore, significant eccentricities for compact systems often require that the planets be located in regions of resonance (Beaugé et al. 2006) In the analysis that follows, we consider only the three high-SNR transit signals (TOI 125 b, c, and .03). The candidate USP planet (TOI 125.04), given its small size and orbital period, is effectively dynamically decoupled from the other planets and if it exists should not affect our conclusions. TOI 125.05 would have to be incorporated in a dynamical investigation if it is shown to be real, but given its low SNR, we do not include it in our analysis for now. If follow-up observations show that TOI 125.05 is real, it would reside slightly interior to the 3:2 mean motion commensurability (with a period ratio of ∼ 1.45), close to the regime in which resonant interactions are most relevant.
To evaluate the dynamical stability and orbital evolution of the three planets in the TOI 125 system, we performed 3000 numerical simulations using N-body code Mercury6 (Chambers 1999), altered to include the effect of general relativistic precession. The simulations were performed using a hybrid symplectic and Bulirsch-Stoer (B-S) integrator with a time-step of 30 minutes for a total integration time of slightly more than 1 million years per integration (which is roughly 80 million orbits of the innermost planet), and energy was conserved to better than one part in 10 9 (for energy changes due to the integrator). For each integration, we drew one link from the EXOFASTv2 transit fit posterior, and assigned planet and star properties equal to those in the chosen posterior link.
These numerical simulations allow us to impose an additional level of constraints beyond those derived from the transit shapes: some planetary eccentricities will lead to dynamical instabilities in the system (which occur when scattering events or orbit crossing leads to physical collisions between planets, the ejection of a planet from the system, or collision of a planet with the central star). The composite eccentricity distributions (stacked stable + unstable) in Figure 9 show the eccentricity draws for our 3000 simulations. The stable subset of each distribution contains those which allow the planets to remain dynamically stable for the entire 1 Myr integration. Not shown is the variation in other orbital elements (also drawn from the EXOFASTv2 posteriors), but the overall trend in stability fraction is shown in the top panels.
Of these 3000 simulations, 32% remained dynamically stable for the entire 1 Myr integration, and Figure 9 show a higher stability fraction at lower values of eccentricity. Dynamical stability considerations thus prefer the lower values of eccentricity, with eccentricities above 0.25-0.3 disallowed for each planet. The conclusion from this analysis is that although the EXOFASTv2 posteriors allow an unusually large range of eccentricities, the true values are likely on the lower ends of these ranges.
Resonant Behavior and Formation History
The orbital periods of the two planets b and c (4.65437 and 9.1536 days) lie close to the mutual 2:1 commensurability. As a result, it is natural to wonder whether the two planets are trapped in mutual 2:1 mean motion resonance (with a period ratio of 1.967). As orbital elements (including semi-major axis) librate while planets reside in resonance, it is possible to reside in resonance even without a perfect 2:1 period ratio (Batygin & Morbidelli 2013, i.e.,) .
However, the majority of planets near, but not in, orbital resonance reside slightly outside of a resonant configuration. The results of Terquem & Papaloizou (2018, see Figure 9) show that for planets migrating in a disk, it is very easy for the 2:1 resonance to be disrupted when the inner planet enters a disk cavity, as might occur at small orbital radii. The subsequent evolution of the system is more difficult to model, but it is expected that departures from resonance will move towards the outside of resonance in cases where
when the resonance considered is the q + 1 : q first order resonance. Since the inner two planets in the TOI 125 system have δ = -0.033, they would be expected to fit this trend and reside slightly outside of the 2:1 MMR period ratio; however, these planets instead appear to have a period ratio slightly less than this value. There are three potential explanations for this: 1) These planets are currently in true orbital resonance. A system with a similar architecture to TOI 125 is the Gliese-876 system (Marcy et al. 2001; Rivera et al. 2010) , which also has two planets close to the 2:1 resonance (Gliese-876 c and b, at ∼ 30 and ∼ 60 days), the inner of which exhibits significant (0.2) eccentricity. In the Gliese-876 system, those two planets form a Laplace resonance with a third planet. The non-zero planetary eccentricities are maintained through the resonance. The TOI 125 system also has three high-SNR planets with orbital periods moderately close to 2:1 resonances. An orbital resonance which persisted after the disk dissipated could explain the large eccentricity of the inner planet. While the disk is present, the orbital eccentricity of both planets in the system will be damped. Once the disk has dissipated, the eccentricities of the resonant pair is free to grow (and experience secular cycles) due to interactions with other extra planets in the system (in the TOI 125 system, there appear to be several additional planets; additionally, an increased eccentricity for either planet involved in the resonance may change the resonance width and lead eventually to the disruption of the resonance; Wittenmyer et al. 2012; Malhotra et al. 2018) . Beaugé et al. (2003) presents solutions, inspired by Gliese-876, for stable aligned pericenters in the 2:1 resonance. Notably, stable solutions must have non-null eccentricities for the inner planet, and for an inner eccentricity of 0.3 or so, the outer planet must have a non-null eccentricity as well (for equal mass planets). The EXOFASTv2 posteriors indicate that TOI 125 c could have a non-zero eccentricity; however, the pericenters are not well enough constrained to determine whether this aligned scenario occurs.
Using our suite of N-body simulations, we can evaluate the fraction of fitted posteriors which are consistent with a resonant configuration for planets b and c. Of the 3000 trials considered, 32% of them are dynamically stable. Of this stable subset, only one began in a true resonance (as defined by a librating resonant angle) and remained so for the entire integration. However, some of the integrations show that the planets can attain and lose a resonant configuration through their natural orbital evolution: in 7% of the dynamically stable integrations, TOI 125 b and c attain a true 2:1 mean motion resonance for at least some of the integration (generally for periods around 10 5 years at a time) but are subsequently disrupted from that resonance. A further 1% attain resonance during the integration and remain stable in that resonance for the entire rest of the 1 Myr integration. However, 86% of the dynamically stable integrations never attain a resonant configuration. Barring one single integration that, after a scattering interaction, attained the 5:3 true resonance, the remaining ∼5% of the stable simulations exhibit (for at least some of the integration, but not a majority) a 'nodding' behavior (i.e., Ketchum et al. 2013) in and out of the 2:1 resonance.
From this suite of simulations, it appears that the vast majority of the dynamically stable posteriors are fully nonresonant. However, a true orbital resonance could explain both the eccentricity of the inner planet and the continued stability of the system. The simulations show that this system, if in resonance, is likely characterized by non-consistent attainment of true resonance.
2) These planets formed in-situ or via scattering inwards, and do not have resonance in their history. Terquem & Papaloizou (2018) note that only roughly 15% of systems are consistent with smooth, disk-driven migration, which results in systems with 0 < δ < 0.04 (the 'outside of resonance' population common in the observational sample). If TOI 125 was in resonance while the disk was still present (required if it assembled via disk-driven migration), it should have moved toward positive δ while in resonance and ended with orbits consistent with this population. Its small, negative value of δ can be explained if the system did not assemble via smooth migration, is not in resonance, and reached its current proximity to resonance by chance.
3) These planets formed via disk-driven migration and were in resonance, but are no longer in resonance. As discussed in Adams et al. (2008) and Batygin & Adams (2017) , turbulent fluctuations in the disk can destabilize resonances for small planets. These planets are both 2.7 Earth radii, slightly larger than should be possible to turbulently force out of resonance according to Batygin & Adams (2017) . However, the 2:1 resonance is rather weak. As such, the resonant angles for this resonance generally have a large libration amplitude, potentially permitting either liberation from true resonance with minor perturbations, or large excursions in orbital element libration. As demonstrated by the numerical simulation, a sizable fraction of the posteriors attain and subsequently lose the 2:1 resonance during the integrations (sometimes multiple times).
DISCUSSION
Of the 4723 Kepler planets and planet candidates discovered to date 2 , the majority are smaller than Neptune and larger than the Earth, and orbit within a few tenths of an AU (e.g., Thompson et al. 2018 ), a class of planet not seen in the Solar System. The occurrence rates of these short-period super-Earths and mini-Neptunes indicate that they are common byproducts of star formation (e.g., Fressin et al. 2013; Petigura et al. 2013; Dressing & Charbonneau 2015) . As such, their physical and orbital properties hold a wealth of information about the processes governing planet formation and evolution that were previously unconstrained by observation. The ensemble properties of these planets have revealed some of their fundamental characteristics (e.g., Fulton et al. 2017; Fulton & Petigura 2018; Berger et al. 2018) , and detailed investigations of individual systems can complement the information gained from population studies.
Radial Velocity Characterization
The observed bimodality in the radius distribution of Kepler planets (e.g., Owen & Wu 2013; Zeng et al. 2017; Fulton et al. 2017) , with peaks at ∼1.3 and 2.4 R ⊕ , can be reproduced theoretically from the photoevaporation of closein, low-mass planets, which are stripped to their bare (∼1.3 R ⊕ ) cores, while more massive planets hold onto their H/He envelopes (e.g., Owen & Wu 2017; Jin & Mordasini 2017) . If this were universally true, then the larger of these planets should be more or less the same mass as their smaller counterparts, as a H/He envelope will contribute a significant fraction of a planet's radius but very little mass. However, some planets with radii between 2 and 3 R ⊕ appear too dense for this scenario (see, e.g., the recent TESS discovery of HD 21749 b; Dragomir et al. 2019) . One explanation is that these denser sub-Neptune planets correspond to those in the large-core tail of the distribution. Another is that planet formation proceeds hierarchically, first accreting a rocky core, followed by CNO (e.g., water), and finally H/He, suggest-ing that planets of ∼2.4 R ⊕ correspond to "water worlds"-planets with a high mean-molecular-weight envelope (Zeng et al. 2017 (Zeng et al. , 2018 . However, this alternative would not explain the low-mass, large planets more consistent with an envelope of H/He. If both modes of planet formation operate, observation can constrain their relative occurrence. Systems like TOI 125, which contains three sub-Neptune planets of similar size and with a range of orbital periods, provide a good opportunity to measure the densities of these planets under controlled conditions. Having been subjected to the same stellar environment, conclusions based on the relative properties of the planets orbiting TOI 125 are less affected by assumptions about stellar evolution and the history of stellar irradiation. As such, spectroscopic follow-up of TOI 125 may provide insight into planet formation and evolution.
TOI 125 is well suited to precise radial velocity measurements to determine the mass of its planets. The star is a bright (V = 11.0; T = 10.1), slowly rotating (v sin i < 2 km s −1 ), late-G dwarf with very little photometric variation (σ phot ). The Chen & Kipping (2017) planetary mass-radius relationship predicts masses of 8.5, 8.6, and 9.5 M ⊕ , corresponding to RV semi-amplitudes 3.7, 2.9, and 2.5 m s −1 . Given an instrumental precision of ∼1 m s −1 for facilities such as HARPS and PFS, we expect that all three planets should have detectable RV signals.
We can estimate the time requirements to characterise the TOI 125 system with the HARPS spectrograph using the RVFC tool developed by Cloutier et al. (2018) . RV noise sources are estimated as a combination of the instrument noise floor (0.5 m s −1 ), the photon noise (2.51 m s −1 for 30-minute exposures), stellar activity (0.5 m s −1 for a worst case v sin i of 2 km s −1 ) and the RV rms caused by additional unseen planets (typically 0.4 m s −1 in this case). Details of how these noise sources are generated from the known stellar parameters, including Gaussian Process (GP) trials to simulate the stellar activity, are given in Cloutier et al. (2018) . A complication for this system is its known multiplicity. Additional planets which are perfectly modelled do not impact the characterization of a planet, but given no model is perfect some additional rms will be present. We use the unseen planet RV rms estimate from RVFC as a zero-order guess at this contribution to the noise budget. We take the longest period planet as the driver of the necessary observations, implicitly assuming that observations sample well the orbital phase curve of that and each interior planet, and that all planets are on circular orbits. Although photon noise dominates for this apparently low activity star, the effect of stellar activity can be large depending on the rotation period of the star, and in particular whether it is near a harmonic of the planet orbital periods. We present several representative cases, each calculated using the given stellar parameters, estimated planetary masses and 10 GP trials to estimate stellar activity. To characterize the system with a 5-σ detection of the semi-amplitude for the outer planet (TOI 125.03) RVFC predicts 68 ± 9 RV observations for a stellar rotation period of 25 days, rising to 141 ± 37 observations for a difficult case rotation period of 40 days, double the orbital period of candidate .03. For the case of a 20-day stellar rotation period characterizing candidate .03 becomes untenable, with RVFC predicting 45 ± 5 observations to characterize only planets b and c.
If real, the low SNR events TOI 125.04 and TOI 125.05 may complicate the RV detection of the other three planets, but they are also predicted to have detectable RV signals. With a timescale very different from the other planets and a predicted semi-amplitude of 2.2 m s −1 , TOI 125.04 could be detected with a dedicated high-cadence RV campaign, which would ultimately benefit the detection of the outer signals, as it would otherwise enter as an additional source of noise. TOI 125.05 is the lowest SNR candidate and least likely to prove real, but may also produce a detectable RV signal. Its predicted semi-amplitude given its derived size (4.2 R ⊕ ) is ∼4.8 m s −1 . On the other hand, such a large planet is not typically seen in tightly packed systems. Therefore, we expect that if it is real, the planet is more likely to reside at the smaller end of the fit posteriors (see Figure 4) , with an RV signal on the order of 1-2 m s −1 .
TOI 125 among the Kepler multis
Nearly 2000 of the 4723 Kepler Objects of Interest (KOIs) reside in multi-planet systems, and their orbital architectures provide clues to their formation and evolution: the typical mutual inclination of short-period systems can be derived from the number of planets per system (e.g., Lissauer et al. 2011b; Fang & Margot 2012; Ballard & Johnson 2016) , and from the ratio of transit durations within each system (e.g., Fang & Margot 2012; Fabrycky et al. 2014) , and inform the dynamical histories of planetary systems; the sizes and orbital spacing of neighboring planets relay information about formation and physical evolution (e.g., Weiss & Marcy 2014) ; the assembly of planets from planetesimals in the inner region of the protoplanetary disk can be examined through the lens of the present-day properties of short-period planets (e.g., Lee & Chiang 2017) .
One striking feature of the population of Kepler multiplanet systems is the distribution of period ratios near firstorder mean motion resonances. As discussed in Section 5, there is an underdensity of planet pairs just interior to firstorder resonances-particularly the 2:1 resonance-and an excess of systems just exterior to resonance. We present an updated histogram of period ratios for Kepler systems in Figure 10 (see Steffen et al. 2013; Fabrycky et al. 2014 , for a broader discussion of these data), and we note that TOI 125 b and c have a period ratio that falls right in the gap interior to the 2:1 resonance. We have explored possible causes for this in Section 5, and here we compare TOI 125 to the small handful of other systems in or near this gap, seen in the inset of Figure 10 .
None of the five other systems interior to, but within 2% of 2:1, is quite like TOI 125, which is larger and/or shorter period than the others. ) is the most similar in size to TOI 125 b and c, but it, along with Kepler-334 (KOI-1909) , is longer period (weeks, rather than days; Rowe et al. 2014) . Kepler-271 (KOI-1151) and KOI-4504 have similar periods to TOI 125, but the planets are much smaller. One other system (KOI-1681) has an interesting architecture, with one small planet and one hot Jupiter (similar to WASP-47; Becker et al. 2015) , but it also has a nearby stellar companion, a third signal that is likely a false positive, and a fourth signal corresponding to another giant planet candidate. If real, it would be unlike any other system that we know. TOI 125 is thus a unique system even within its sparsely populated region of parameter space, and worthy of additional study.
6.3. The Candidate USP Planet TOI 125.04
While TOI 125.04 was only detected with SNR∼5.2, the presence of three high-SNR transit signals in the system makes it more likely that the signal is real compared to an isolated signal of similar strength. Moreover, the architecture of the TOI 125 planets would match that of other known USP systems, both in semi-major axis and in mutual inclination. Dai et al. (2018) find that Kepler and K2 planets in multi-planet systems tend to exhibit large mutual inclinations when the innermost planet has a small semi-major axis (a/R * < 5), and that among these USP planets, the systems with the largest mutual inclinations also have large period ratios (see, e.g., K2-266, with an extreme mutual inclination of ∼12 degrees Rodriguez et al. 2018b ). TOI 125.04 orbits at (a/R * ∼3.1) and with a projected mutual inclination of ∼16 degrees. The period ratio between TOI 125 b and TOI 125.04 is 8.8, similar to the other such misaligned USP planets. TOI 125.04 would be the USP planet with the largest known mutual inclination, but as discussed above, TOI 125 b is larger than most inner planets in packed systems. We speculate that in the framework suggested by Dai et al. (2018) , one would expect the interaction between the two planets that leads to the inclined USP planet to produce a more extreme outcome when the adjacent planet is more massive than usual.
Dynamical Results
The EXOFASTv2 transit fit allowed a relatively large range in eccentricities for TOI 125 b, c, and d, but the largest of the allowed values can be excluded due to dynamical stability constraints. Of the entire EXOFASTv2 posteriors, approximately 32% of draws result in integrations that remain dynamically stable for 1 Myr. Preferentially, the stable subset are those with lower eccentricities: eccentricities above 0.25-0.3 are disallowed for each planet (see Figure 5 .2).
Using the results of the numerical simulations to inform the resonant behavior paints a largely non-resonant picture of the posteriors. Of the stable subset of integrations, roughly 86% exhibited nearly exclusively non-resonant behavior for planets b and c. In these cases, the median period ratio libration has a (min-to-max) amplitude of ∆δ ≈ 0.01, surrounding a median δ value of δ ≈ −0.032 (compared to the measured current-day value of δ ≈ −0.033). From these simulations, it is reasonable that the observed three planet system can remain dynamically stable in the observed orbits for a relatively large fraction of the EXOFASTv2 posteriors. In comparison, among the ∼ 12% of integrations that reside in or nod in/out of the 2:1 resonance for some or all of of the 1 Myr, while in resonance the size of ∆δ depends on the libration width of the resonant angle. For nodding, this value is as large as ≈ 0.08, around a median δ value of δ ≈ 0.001. In true resonance, the typical ∆δ values range between 0.02 and 0.04, as the median δ value becomes closer to δ ≈ 0. It is possible that TOI 125 b and c previously resided in the 2:1 resonance and naturally lost the resonance at some point, becoming trapped in a dynamically stable but non-resonant orbit Although the errors on the currently measured orbit are too large to conclusively determine the current-day resonance behavior of TOI 125 b and c, the simulations suggest they are most likely not currently in resonance, but have eccentricities near the lower end of the measured posteriors.
SUMMARY
In this paper, we have presented the TESS discovery of the TOI 125 multi-planet system, and we fit a global model to the TESS data, spectroscopic stellar parameters, literature photometry, and the Gaia parallax in conjunction with stellar models to characterize the planet candidates. We then statistically validated the planetary nature of TOI 125 b and c using vespa with the aid of archival imaging and our photometric, spectroscopic, and high resolution imaging observations. We demonstrated that the system is likely amenable to mass determination via both TTV and precise RV follow-up, and that the planets are worthy of such additional study. The three strongest transit signals are caused by planets with radii 2.8-2.9 R ⊕ , a class of planet not seen in the Solar System but abundant in the galaxy. These planets have been proposed as the progenitors (via photoevaporation) of the terrestrial planets commonly found in short periods around nearby stars, and studying three of them in the controlled environment of the same host star can help illuminate the formation and evolution processes at play. The candidate terrestrial USP planet, with an orbital period less than 13 hours and a mutual inclination of 16 degrees with the other planets, is an extreme example of the trend toward such architectures among other known USP planets in multiple systems, and may be the end result of dynamical interaction with its much larger sub-Neptune neighbors. Finally, the period ratio between planets b and c is very near, but just interior to, a 2:1 commensurability, which is quite unusual compared to known Kepler systems. While one possible explanation is that the system is in-and librating about-the 2:1 resonance, our dynamical analysis suggests that it is unlikely that the system is currently in true resonance. The discovery of the TOI 125 system demonstrates that TESS continues in its early days to deliver on its promise to identify rare systems of small planets amenable to follow-up observations and detailed characterization. We thank Zach Hartman, Dan Nusdeo, and Jen Winters for help with the Gemini-South observations. We thank Akihiko Fukui, Nobuhiko Kusakabe, Kumiko Morihana, Tetsuya Nagata, Takahiro Nagayama, Taku Nishiumi, and the staff of SAAO for their kind support for IRSF SIRIUS observations and analyses.
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